Alstroemeria (Liliales) has two layers of petaloid tepals, in which the often spotted narrow inner tepals can be distinguished easily from the wider outer tepals. In order to explore this floral morphology in Alstroemeria, we investigated the tepal morphology and the expression patterns of three class B genes, whose homologs in eudicots have been shown previously to be involved in petal and stamen development. The two DEF-like genes (AlsDEFa and AlsDEFb) and the one GLO-like gene (AlsGLO) of Alstroemeria ligtu were isolated by rapid amplification of cDNA ends (RACE). Northern hybridization, reverse transcription-PCR (RT-PCR) and in situ hybridization analyses indicated that AlsDEFb and AlsGLO were expressed in whorls 1, 2 and 3 (outer tepals, inner tepals and stamens, respectively), whereas AlsDEFa expression was detected only in whorls 2 and 3. These results suggest that in A. ligtu, AlsDEFb and AlsGLO would participate in determining the organ identity of the two-layered petaloid tepals and stamens, which is in support of the modified ABC model. Additionally, the distinctive expression patterns of AlsDEFa and AlsDEFb might be related to morphological differences between the two-layered tepals.
Introduction
Alstroemeria (Inca lily) is a monocot belonging to the order Liliales and the family Alstroemeriaceae. The genus comprises approximately 50 species, distributed primarily in South America (Aagesen and Sanso 2003) . Their unique flowers are commercially important, having an umbel-like determinate inflorescence and bilaterally symmetrical flowers, subtended by leaf-like bracts. Each flower has three outer tepals, three inner tepals and six stamens. The tricarpellary pistil and basal parts of the tepals and stamens unite with the ovary. As with lilies and tulips, the perianth comprises two-layered petaloid organs. However, unlike the case in most monocots, the two whorls of the perianth can be distinguished, as the outer tepal is wider and the narrower inner tepal is often spotted (Fig. 1A) . How do members of the genus Alstroemeria form these characteristic flowers?
Based on research undertaken on Arabidopsis thaliana and Antirrhinum majus, the ABC model was proposed for eudicot flower formation (Bowman et al. 1991, Coen and . According to this model, the four floral organs are identified by the A, B and C functions: sepal by A; petal by A and B; stamen by B and C; and carpel by C alone. Concerning the B function, the model plants possess two types of class B gene belonging to closely related clades, namely DEFICIENS (DEF)-like and GLOBOSA (GLO)-like. In Arabidopsis, expression of the DEF-like gene, APETALA3 (AP3), and the GLO-like gene, PISTILLATA (PI), is necessary for B function, as each of these two genes regulates the other's expression (Goto and Meyerowitz 1994, Jack et al. 1994) .
Recently, to solve the mystery of the diversity in floral morphology in a wide range of the flowering plants, the model has been tested using basal plants. In basal eudicots, the expression patterns and the antibody localizations of Ranunculidae class B genes were conserved in stamens, but differed from the ABC model in the petals (Kramer and Irish 1999) . In monocots, regarding the lodicule as a homologous organ of eudicot petal, class B genes of rice and maize are in accord with the ABC model (Baum 1998 , Ambrose et al. 2000 . This hypothesis was based on the result of expression analyses (Moon et al. 1999 , Kyozuka et al. 2000 , Whipple et al. 2004 , the phenotype of mutants (Ambrose et al. 2000 , Nagasawa et al. 2003 and transgenic plants whose class B gene transcripts were reduced (Kang et al. 1998 , Prasad and Vijayraghavan 2003 , Xiao et al. 2003 .
However, unlike grass plants, most monocots have flowers with petaloid organs instead of a greenish sepal in whorl 1 like tulips and lilies, and both petaloid organs in whorls 1 and 2 are termed tepals. Because grasses have highly specialized flowers, the analyses using them would not be sufficient for explanation of floral morphology in most monocots. Following morphological analysis of putative mutant tulip flowers, the modified ABC model was proposed to explain the morphology of flowers with a doubled petaloid perianth (van Tunen et al. 1993) . This model was designed by modifying the ABC model. It predicted that the petaloid character of the outer tepal would be determined by class B genes, which would function not only in whorls 2 and 3 but also in whorl 1.
Two types of class B genes from tulip (Tulipa gesneriana) were detected in whorls 1, 2 and 3 by Northern blot analysis, supporting the modified ABC model . Further support for class B gene transcription in whorl 1 was provided by analyzing Phalaenopsis (Tsai et al. 2004 , Tsai et al. 2005 , Dendrobium crumenatum (Xu et al. 2006) and Crocus sativus (Tsaftaris et al. 2006) , which are also monocots with two-layered petaloid organs. In addition, in situ hybridization analysis in Agapanthus paraecox supported the modified ABC model in the primordia stage of petaloid tepals (Nakamura et al. 2005) . However, the transcripts of DEF-like and GLO-like genes of Asparagus officinalis were detected only in the inner tepal and stamen primordia, and not in the outer tepal primordia, despite the appearance of petaloid organs (Park et al. 2003 , Park et al. 2004 . Since the expression patterns of class B genes in the tepal primordial stage differ in A. paraecox and A. officinalis, additional investigation of the tepal primordia is required using other plants.
On the other hand, another interesting morphology was observed in the tepals of monocots. Like in Alstroemeriaceae plants, there exist monocots in which the perianth contains different types of petaloid organs. These include the Iridaceae, especially the genus Iris, members of which often have spotted or bi-colored outer tepals and simple inner tepals, and the Orchidaceae, in which many species have three types of petaloid organ in whorls 1 and 2 (i.e. sepal, petal and lip, a special type of petal in whorl 2). In Phalaenopsis, Tsai et al. (2004) reported that four DEF-like genes were expressed differently between the wild type and a mutant whose petals transformed into lip-like organs. Also in Dendrobium crumenatum, one of the DEF-like genes was expressed only in whorls 2, 3 and 4, whereas the other DEF-like genes and the GLO-like gene were expressed in all floral organs (Xu et al. 2006) . These results suggest that the expression patterns of class B genes are related to the different types of petaloid organs in Phalaenopsis and Dendrobium.
As Alstroemeria has such a unique flower, it constitutes a strong candidate for determining the general applicability of the modified ABC model to flowers that have twolayered petaloid perianth. Additionally, it would be interesting to determine whether there is a relationship between the expression patterns of class B genes and the morphology of two petaloid organs in Alstroemeria.
Results

Morphological observations
In order to clarify the morphological difference between the outer and inner tepals of A. ligtu, we compared shape, venation pattern and epidermal cells (Fig. 1A) . To compare tepal shape, we measured the length and width of outer and inner tepals in each of 135 pieces from 45 mature A. ligtu flowers (Fig. 1A, iii) . We obtained the average length (cm) and width (cm), and determined the ratio of tepal length to tepal width (Fig. 1A, vi) . As plant organ size can vary greatly with the environmental conditions, it is often difficult to describe characteristics using absolute quantities such as length, width or thickness. As the ratio of leaf length to width is used frequently to investigate leaf shape (Tsukaya 2002) , we used this ratio to determine and compare tepal shape. Since Alstroemeria has bilaterally symmetrical flowers, differences between the abaxial and adaxial sides would affect tepal shapes. For this reason, we examined the adaxial and abaxial sides of tepals separately besides examining whole tepals ( Supplementary  Fig. 1 ). Using whole flowers, the Student's t-test indicated significant differences (P50.01) between the outer and inner tepals in all three measurements. On each side of the outer and inner tepals, there were significant differences (P50.01) in tepal width and length : width ratios. The width of the outer tepals was larger than that of the inner tepals, and the length : width ratio of the outer tepals was smaller than that of the inner tepals.
We compared the venation patterns in four organs (leaf, bract, inner tepal and outer tepal) that had been cleared with ethanol, and found that the main veins of leaves and bracts ran in parallel and were closed at the apices (Fig. 1B, i , ii). In the middle part of the outer and inner tepals, three main veins ran in parallel and were closed at the apices as in the leaves and bracts. However, in contrast to leaves and bracts, two types of tepals had side veins that ran toward the margin and were not joined (Fig. 1B, iii, iv) .
In addition, we observed the epidermal cells of each organ (leaf, bract, inner tepal and outer tepal) using a scanning electron microscope (SEM) and found that the leaf and bract surfaces were very similar, having a line of long cells on the veins and jigsaw puzzle-shaped cells arranged parallel with the veins, interspaced by numerous stomata. In contrast, these characteristic vein cells were inconspicuous on the surfaces of the inner and outer tepals. Their epidermal cells were very similar, long and narrow in shape, with sinuous side walls, and arranged parallel to the veins with no interspaced stomata (Fig. 1C) .
cDNA amplification and phylogenetic analyses of A. ligtu class B genes
We used rapid amplification of cDNA ends (RACE) to isolate cDNA fragments corresponding to different MADS-box genes from a young inflorescence of A. ligtu. The result of BLAST searches of public databases using predicted amino acid sequences suggested that the two fragments contained DEF-like genes, which were designated AlsDEFa and AlsDEFb. The other fragment was designated AlsGLO, since it exhibited a high degree of sequence identity with GLO-like genes. Each homolog was isolated at least three times independently, and the 5 0 regions of each gene were isolated using 5 0 -RACE. AlsDEFa, AlsDEFb and AlsGLO were predicted to encode polypeptides of 225, 224 and 210 residues, respectively. Alignment of the predicted amino acid sequences with other class B genes indicated that AlsDEFa and AlsDEFb contained conserved PI motif-derived and paleoAP3 motif regions, as well as the MADS-and K-boxes, whereas in AlsGLO the PI motif region was conserved in addition to MADS-and K-boxes ( Supplementary Fig. 2 ). AlsDEFa and AlsDEFb shared 80% identity at the amino acid level, and the MADS-box, K-box, PI motif-derived and paleoAP3 motif conserved regions had three, thirteen, two and one amino acid residue differences, respectively.
Phylogenetic analyses of the MADS-and K-box amino acid sequences supported the conclusion that AlsDEFa, AlsDEFb and AlsGLO were class B genes of A. ligtu. Phylogenetic reconstruction using MADS-box genes published previously and the three A. ligtu class B genes confirmed that AlsDEFa and AlsDEFb belonged to the monocot DEF-like gene subfamily. AlsDEFa was closely related to LRDEF, TGDEFA and TGDEFB, and AlsDEFb was paraphyletic to those genes ( Fig. 2A) . AlsGLO belongs to the monocot GLO-like gene subfamily and shared strong homology with the other members of the Asparagales and Liliales (Fig. 2B ).
Expression analyses
We performed Northern hybridization analysis to investigate the expression of three A. ligtu class B genes in each organ. AlsDEFa and AlsGLO were detected in young flower buds, but not in vegetative organs. In dissected floral organs, AlsDEFa was expressed in the inner tepals and stamens, but not in the outer tepals and carpels. AlsGLO was detected strongly in the outer and inner tepals, as well as the stamens, and weakly in the carpels. In contrast, AlsDEFb transcripts could not be detected in any organs under the same experimental conditions (Fig. 3A) .
As the expression of AlsDEFb could not be detected by Northern hybridization, we performed reverse transcription-PCR (RT-PCR) analyses. The same patterns of AlsDEFa and AlsGLO gene expression were detected by performing Northern hybridization, faintly after 28 amplification cycles and clearly after 30 and 32 cycles. After 28 amplification cycles, the AlsDEFb transcript could not be detected in any organ. However, it was detected very faintly in whorls 1, 2 and 3 after 30 cycles of amplification. After 32 cycles, the AlsDEFb signal was detected in floral bud and whorls 1, 2 and 3, and very faintly in the carpels and vegetative organs (Fig. 3B ). We performed genomic PCR of the three genes using the same primers as for RT-PCR and detected a band that was $100 bp larger than that obtained from the cDNA for each gene. Sequence analysis indicated that the AlsDEFb fragment contained an 85 bp intron (data not shown). Thus, the bands amplified from the cDNA were not artifacts resulting from genomic DNA contamination.
In order to clarify the spatial and temporal expression patterns of the three class B genes, we performed in situ hybridization experiments with gene-specific probes (Fig. 4) . Using PCR probes, AlsDEFa expression was not detected in vegetative organs such as the shoot apical meristems in vegetative phase, leaf primordia ( Fig. 4A ) or young bracts (Fig. 4C ). The floral meristem appeared uniformly labeled at the early dome-shaped stage (Fig. 4B) . From the late stage of dome-shaped floral meristems, just before the outer tepal primordia appear, to the stage where floral buds were 52 cm long, the signal was restricted to whorls 2 and 3 ( Fig. 4C-F) . AlsDEFb transcripts were not detected in vegetative organs (Fig. 4H, I ), but were detected in all dome-shaped floral meristems at the early stage (Fig. 4I) . However, the transcripts were not detected at later stages of development with the PCR probe (data not shown). Using a highly sensitive gene-specific RNA probe, AlsDEFb expression was detected in all whorls at the end of the dome-shaped stage (Fig. 4J) . At the stage when inner tepal primordia appear, AlsDEFb expression was detected in whorls 1, 2 and 3 but became weaker in whorl 4, to be hardly detectable at the later stage (Fig. 4K) . However, these signals became weaker during the later stages of floral development, and only faint signals could be detected in the stage when floral buds were 1 cm long, which was the same stage used for Northern hybridization and RT-PCR analyses (Fig. 4L, M) . In vegetative organs, no signal was detected (Fig. 4H, I ). AlsGLO expression was not found in vegetative organs either ( Fig. 4O, P) . The transcripts could be detected uniformly in the early stage of dome-shaped floral meristems (Fig. 4P) . At the late stage of dome-shaped floral meristems, the signal became weaker in the center of the floral meristems, whereas in the prospective carpel area and at the later stage, the signal was restricted to whorls 1, 2 and 3 ( Fig. 4Q-T) . The same expression patterns of AlsDEFa and AlsGLO were observed using PCR probes and RNA probes. No AlsDEFa transcript was detected in the outer tepals during development of the primordia. Sense RNA probes were used as negative controls for each gene (Fig. 4G, N, U) . C-terminal motifs, namely the PI motif in GLO-like genes and the PI-motif-derived in DEF-like genes. In addition, the euAP3 and paleoAP3 motifs are found at the C-terminal region of DEF-like genes belonging to the euAP3 and paleoAP3 lineages, respectively (Kramer et al. 1998 , Zahn et al. 2005 . In this study, we isolated three A. ligtu class B genes, AlsDEFa, AlsDEFb and AlsGLO. Phylogenetic analyses indicated that they were related to the class B genes of other monocots, and contained the highly conserved C-terminal motifs common to each lineage. In monocot GLO-like genes, overexpression of ApGLO (Agapanthus) and PeMADS6 (Phalaenopsis) caused sepals to change into petals in Arabidopsis, indicating that the function of GLO-like genes is also conserved between core eudicots and monocots (Nakamura et al. 2005 , Tsai et al. 2005 . Since it shares high sequence identity with ApGLO (Agapanthus) and PeMADS6 at the amino acid level, AlsGLO may be predicted to function in the petaloid organ and stamen. Concerning the DEF-like genes, SILKY1, which is encoded by a DEF-like gene of maize, complemented the Arabidopsis ap3 mutant (Whipple et al. 2004 ). This result indicated that the function of DEF-like genes is conserved between core eudicots and monocots. In other monocots, DEF-like genes might have functions similar to those of eudicot genes.
However, a number of duplicated genes have different expression patterns and/or protein-protein interaction patterns that may reflect functional specialization. For example, two rice GLO-like genes (OSMADS2 and OSMADS4) share 83% identity and have different expression patterns and interaction partners (Lee et al. 2003) . Phylogenetic analysis of the two A. ligtu DEF-like genes isolated in this study showed that AlsDEFb is paraphyletic to AlsDEFa, LRDEF, TGDEFA and TGDEFB. Within the Liliales, tulip also has two DEF-like genes that form a monophyletic group and share 90% identity at the amino acid level . As the amino acid sequences encoded by AlsDEFa and AlsDEFb share 80% identity, which is a lower level of homology than that observed in the tulip DEF-like genes, this gene duplication may have occurred earlier in evolutionary history and the two genes might have different functions like rice GLO-like genes.
Comparison of AlsDEFa and AlsDEFb amino acid sequences shows little variation in the conserved positions of the MADS-box and the K-box, which are important for the strength and specificity of the AP3-PI interaction (Yang et al. 2003) . Thus, with respect to conservation of critical residues in the K-box, differences in the function of the two DEF-like genes of A. ligtu could not be predicted. However, it is still possible that these two genes have different functions based on differences in amino acid sequence elsewhere in their sequences.
Morphological observations
The length : width ratios of tepals indicated that the shapes of the outer and inner tepals of A. ligtu were statistically significantly different, i.e. morphologically distinct from each other. The venation pattern often differs between sepal and petal in core eudicots; the sepal has three veins running from the broad base to an acuminated tip, whereas the petal has one vein in the narrow base but it develops towards a broad tip (Endress 1994) , i.e. the veins branch from one vein and run toward the petal margin. The outer and inner tepals of A. ligtu exhibited a similar venation pattern and were clearly different from bracts and leaves. The venation pattern of A. ligtu tepals bore a partial resemblance to the patterns of eudicots petals, since the side veins were open.
The differences between sepal and petal are often judged by the morphology of their epidermal cells. In Arabidopsis, the leaf, sepal and petal have jigsaw puzzle-shaped, long and cobblestone-like cells, respectively. In addition, leaves and sepals contain stomata, whereas they do not occur in petals (Smyth et al. 1990 , Bowman 1994 . In Arabidopsis homeotic mutants, the morphology of epidermal cells and occurrence of stomata are altered. For example, petals become sepals in an ap3 mutant and the epidermal cells of the sepaloid organs in whorl 2 exhibit sepal-like characteristics and lack stomata (Efremova et al. 2001, Jenic and Irish 2001) . In A. ligtu, the two-layered petaloid tepals exhibit characteristic similarities in the epidermal cells, which differ from leaf and bract in cellular structure, as well as in venation pattern. The petaloid tepal lack stomata, which is a point in common with Arabidopsis petal. However, they differ in cell shape. Thus, the degree of similarity between the monocot tepal and eudicot petal remains a matter for debate. Several genes have been reported to control leaf length and width, cell shape and number in Arabidopsis. ROUNDIFOLIA3 and ANGUSTIFOLIA have been shown to control polar cell elongation, i.e. cell shape, whereas ROUNDIFOLIA4 (ROT4) and ANGUSTIFOLIA3 (AN3) control shape through cell proliferation, i.e. cell number (Tsuge et al. 1996 , Narita et al. 2004 , Horiguchi et al. 2005 . In A. ligtu tepals, cell shape and size were not very different between the wider outer tepal and narrower inner tepal. Thus, the number of cells may be important in determining differences in the shapes of the outer and inner tepals, and genes that encode regulators of cell proliferation such as ROT4 and AN3 might be involved in these morphological differences in A. ligtu.
Expression analyses
Expression analyses indicated that AlsDEFa was expressed in the dome-shaped floral meristems at the early stage, inner tepal and stamen primordia and their prospective area. AlsDEFb and AlsGLO were expressed in the outer tepal primordia and their prospective area, in addition to the areas where AlsDEFa was expressed. Strong expression of AlsDEFa and AlsGLO was maintained until the late developmental stages of the floral bud, whereas AlsDEFb expression became weaker as the floral bud developed. These results, which show that both the DEF-like gene (AlsDEFb) and the GLO-like gene (AlsGLO) were expressed in the outer and inner tepal primordia, suggested that tepal determination of A. ligtu may be explained by the modified ABC model. As far as concerns the early stage of the floral meristem, class B genes started to be expressed after sepal primordia arose in Arabidopsis. In the early stage, AP3 was expressed in the inner parts of whorl 1, in addition to whorls 2 and 3, while PI was detected in whorls 2, 3 and 4. In the later stage, their expression was restricted to whorls 2 and 3 (Krizek et al. 1996) . In monocots, OsMADS2, one of the rice GLO-like genes, has a similar expression pattern to that of AP3 (Kyozuka et al. 2000) . In Asparagus, expression of both DEF-and GLO-like genes was detected at the stage before development of the outer tepal primordia, but the areas of expression were restricted to whorls 2 and 3 (Park et al. 2003 , Park et al. 2004 ). On the other hand, expression of two GLO-like genes, ApGLO from Agapanthus (Nakamura et al. 2005) and PeMADS6 from Phalaenopsis (Tsai et al. 2005) , was widespread at the early stage of floral meristems, although expression of DEF-like genes in these plants has not investigated at this stage. Widespread expression in the early stages of floral meristems might be a common characteristic of monocots whose flowers have a two-layered petaloid perianth and display extension of class B gene expression into whorl 1.
It may be hypothesized that AlsDEFa and AlsDEFb function in determining organ identity, as DEF-like genes do in other plants. In particular, AlsDEFb may be important in the determination of petaloid tepal identity, as it is expressed in both the outer and inner tepal primordia. However, expression of AlsDEFb fell off rapidly and could not be detected in small buds (0.7-1 cm long). In Arabidopsis and Antirrhinum, strong expression of class B genes is maintained from the primordial stage until the mature stage of the floral organ (Jack et al. 1992 , Tro¨bner et al. 1992 , Goto and Meyerowitz 1994 . In monocots, Northern hybridization analysis of tulip and Phalaenopsis (Tsai et al. 2004 , Tsai et al. 2005 ) demonstrated strong class B gene expression in the two whorls of the petaloid perianth during the late stages of floral development. Thus, AlsDEFb might be involved in determining the identity of whorls 1, 2 and 3, but not in the maturation of these organs.
The other DEF-like gene, AlsDEFa, is expressed only in the stamens and inner tepals, but not in the outer tepals. There might be a relationship between the expression patterns of the two DEF-like genes and the morphological differences between the two types of tepals in the genus Alstroemeria. It has been suggested that some duplicated DEF-like genes change basic petaloid organs into special petaloid organs, as in the case of Aquilegia alpina (Ranunculaceae) and the lip of Phalaenopsis. Ranunculaceae have three DEF-like gene lineages (AP3-1, AP3-2 and AP3-3). The AP3-1 linage genes are expressed in whorls 1, 2 and 3. In addition to expression of AP3-1 in A. alpina, expression of AqaAP3-2 and AqaAP3-3 was detected in whorls 2 and 3, which have a differently shaped petaloid organ. In contrast, Aquilegia clematiflora has an A. alpina whorl 1-like petaloid organ in both whorls 1 and 2, and AqcAP3-2 and AqcAP3-3 are expressed only in whorl 3. This suggests that both or either of these DEF-like genes may participate in formation of the whorl 2 petaloid organs in A. alpina (Kramer et al. 2003) . Moreover, Phalaenopsis has three types of petaloid organs: the 'sepal' in whorl 1; the 'petal' on the adaxial side of whorl 2; and the 'lip' on the abaxial side of whorl 2. Comparison of the expression patterns of the four DEF-like genes (PeMADS2, PeMADS3, PeMADS4 and PeMADS5) in wild-type Phalaenopsis and a peloric mutant with the lip-like petals instead of the whorl 2 petals indicated that PeMADS2 participates in sepal formation, PeMADS5 in petal formation, and PeMADS4 in lip formation (Tsai et al. 2004) . In Alstroemeria, the inner tepal often has characteristics such as nectaries and spots, which the outer tepal lacks. It might be that the inner tepal is formed via a secondary modification of the outer tepal. In whorl 2, the additional expression of AlsDEFa might determine inner tepal characteristics during maturation. The different expression patterns of the two DEF-like genes (i.e. AlsDEFb in whorls 1 and 2, and AlsDEFa in whorl 2) might cause the distinct morphologies of the two types of petaloid tepal of A ligtu.
However, the expression levels of two DEF-like genes would suggest still another possibility. The different temporal changes in the expression levels of the two DEF-like genes might be related to the morphological determination of the outer and inner tepals. In whorl 1, expression of the GLO-like gene (AlsGLO) continued throughout development, whereas that of the DEF-like gene (AlsDEFb) diminished as development progressed, resulting in determination of the outer tepal. On the other hand, in whorl 2, the expression of AlsDEFb diminished during development in a manner similar to that of whorl 1, but the expression of AlsDEFa remained strong. Thus, both the DEF-and GLO-like genes were expressed strongly throughout the development process only in whorl 2. Such differences in the expression level may affect cell proliferation, thereby separating the outer and inner tepals. In studies of a temperature-sensitive def mutant in Antirrhinum, repression of class B genes halfway through the process of organ building affected floral organ morphology (Zachgo et al. 1995) . In Nicotiana benthamiana, reduction of class B genes (NbDEF) through virus-induced gene silencing affected floral organ morphology, particularly during the late developmental stages of the bud (Liu et al. 2004 ). In A. ligtu, transitions in the expression levels of DEF-like genes that encode functionally similar products might affect the development of the tepaloid organs.
Since two types of class B genes were expressed in two whorls of petaloid perianth, the modified ABC model may be applied to the unique flower of A. ligtu. In addition, the distinctive expression patterns of AlsDEFa and AlsDEFb might correlate with the differences in the morphologies of outer and inner tepals. However, these views remain speculative and, for the moment, are solely based on morphological observations and analyses of the expression patterns of class B genes. Analyses of the promoter regions and the functions of AlsDEFa and AlsDEFb genes will be required to determine whether or not the morphological differences and the expression patterns of class B genes are related. Analyses of DEF-like gene suppression or overexpression in A. ligtu could reveal differences or redundancy in their functions, as well as providing hints about what causes the two types of tepals.
Materials and Methods
Plant materials
Alstroemeria ligtu ssp. ligtu was used in this study. Plants were grown in the experimental garden of Tohoku University, Japan.
Morphological analyses
We measured the length and width of outer and inner tepals from 45 mature flowers and used the ratio of tepal length to width for comparison of shape. For length, we measured the maximum distance from the base of the tepal to its tip along the central vein; for width, we measured the maximum distance at right angles to the central vein (Fig. 1A, iii) . We compared the mean values of each index in outer and inner tepals using Student's t-tests.
For histological analysis of venation patterns, we collected mature outer tepals, inner tepals, leaves and bracts, and soaked them in 99.5% ethanol at room temperature for several days until all chlorophyll and other pigments were removed. We then observed the vascular patterns using a light microscope (DMRB, Leica, Germany).
The surface shapes of epidermal cells from leaves, bracts, and two-layered tepals from mature flowers were observed using an SEM (VE9800, KEYENCE, Osaka, Japan). Additionally, we observed the central region of the adaxial surface of each organ, avoiding the central vein.
cDNA amplification and phylogenetic analyses
Total RNA was isolated from young inflorescences 1.5 cm long, following Chomczynski and Sacchi (1987) . Poly(A) þ RNA was separated from total RNA using DYNABEADS (DYNAL, Oslo, Norway) and cDNA was synthesized with AMV reverse transcriptase (Roche Diagnostics, Indianapolis, IN, USA). Partial cDNAs were isolated by 3 0 RACE (Frohman et al. 1988 , Mu¨nster et al. 1997 ) using the 5 0 /3 0 -RACE kit (Roche) and four MADS-box degenerate primers: P038, P041, AD and SP3 (see Supplementary Table 1) .
To identify cDNA fragments with complete open reading frames, we performed 5 0 RACE using the 5 0 /3 0 -RACE kit (Roche) and primers for AlsDEFa, AlsDEFa-SP1, AlsDEFa-SP2 and AlsDEFa-SP3; AlsDEFb, AlsDEFb-SP1, AlsDEFb-SP2 and AlsDEFb-SP3; and AlsGLO, AlsGLO-SP1, AlsGLO-SP2 and AlsGLO-SP3 (Supplementary Table 1 ). PCR products were cloned into pGEM-T Easy (Promega, Madison, WI, USA) and sequenced with a BigDye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) on an automated sequencer (Model 310, Applied Biosystems) according to the manufacturer's protocol.
Predicted amino acid sequences of the MADS-and K-box of class B genes from A. ligtu were compared with those of other plants by alignment with CLUSTAL W, using bootstrap values derived from 100 replicate runs (Thompson et al. 1994 , URL: http://www.ddbj.nig.ac.jp/search/clustalw-j.html). Phylogenetic trees were constructed using the neighbor-joining method (Perrie`re and Gouy 1996), and neighbor-joining trees were drawn with NJplot (URL; http://pbil.univ-lyon1.fr/software/njplot.html).
Class B genes of Alstroemeria 319
The GenBank accession numbers of the amino acid sequences used for alignments are shown in Supplementary Table 2 .
Northern blot and RT-PCR analyses
For Northern blot and RT-PCR analyses, vegetative organs (peduncles, bracts, leaves and stems) and 0.7-1 cm long flower buds were collected and dissected into four floral organs (outer tepals, inner tepals, stamens and carpels), frozen in liquid nitrogen and stored at À808C. Total RNA was isolated from each organ following Chomczynski and Sacchi (1987) . Total RNA (10 mg) was separated by electrophoresis on 1% agarose gels containing 5% formaldehyde and 1Â MOPS, after which the gels were blotted onto positively charged nylon membranes (Roche), according to Sambrook and Russell (2001) . As the MADS-box gene family contains the highly conserved MADS-box and K-box, gene-specific probes were designed against the C-terminal and 3 0 -untranslated regions, in order to avoid cross-hybridization. Gene-specific probes for AlsDEFa, AlsDEFb and AlsGLO were labeled with the digoxigenin (DIG) Probe Synthesis Kit (Roche). Primer sequences for gene-specific probes were: AlsDEFa, AlsDEFa-NS-Fw and AlsDEFa-NS-Rv; AlsDEFb, AlsDEFb-NS-Fw and AlsDEFb-NS-Rv; and AlsGLO, AlsGLO-NS-Fw and AlsGLO-NS-Rv (Supplementary Table 1 ). Blots were hybridized with anti-DIG-AP probes (Roche) and the chemiluminescence reaction performed using CDP-Star Reagent (New England Biolabs, Beverly, MA, USA). Expression signals were detected using X-ray film (Hyperfilm, Amersham Biosciences, Amersham, UK).
The same samples of total RNA from Northern blot analysis were used for synthesis of first-strand cDNA with oligo(dT) primer and AMV reverse transcriptase (Roche). Gene-specific primers were designed for amplification the C-terminal and 3 0 -untranslated regions, including the predicted intron. Primer sequences were: AlsDEFa, AlsDEFa-i-Fw and AlsDEFa-NS-Rv; AlsDEFb, AlsDEFb-i-Fw and AlsDEFb-NS-Rv; and AlsGLO, AlsGLO-iFw and AlsGLO-NS-Rv (Supplementary Table 1 ). PCR was performed using an initial denaturation for 2 min at 968C, followed by 28-32 cycles of 30 s at 968C, 30 s at 588C and 1 min at 728C, then a final extension for 10 min at 728C. PCR products were analyzed by agarose gel electrophoresis. As a control, eEF1A was amplified using the same PCR conditions and the primers eEF1A-Fw and eEF1A-Rv (Supplementary Table 1 ).
In situ hybridization
We collected young inflorescences (0.5-3 cm) and vegetative shoots. The samples were fixed in 50 mM sodium phosphate (pH 7.2) containing 4% (w/v) paraformamide, 0.25% (w/v) glutaraldehyde and 0.8 mM NaOH, then dehydrated in 2-methyl-2-propanol and embedded in Paraplast Plus (Sigma-Aldrich, St Louis MO, USA). A rotary microtome (RM2145, Leica) was used to prepare 8 mm thick sections of paraffin-embedded tissue, which were placed onto glass slides. Sections were treated with 0.9 mg ml À1 recombinant proteinase K (Roche) for 10 min at 258C, then pre-hybridized for 2 h at room temperature in a solution containing 50% formamide, 5Â SSC, 5Â Denhardt's solution, 100 mg ml À1 Escherichia coli tRNA and 500 mg ml À1 herring sperm DNA. DIG-labeled PCR probes were synthesized as described for Northern blot analysis. DIG-labeled sense and antisense RNA probes that contained similar regions to the PCR probes were synthesized using T7 RNA polymerase and the DIG RNA Labeling kit (Roche). Gene-specific antisense RNA probes were prepared using the following primers: AlsDEFa, AlsDEFa-NS-Fw and AlsDEFa-T7-p; AlsDEFb, AlsDEFb-NS-Fw and AlsDEFb-T7-p; and AlsGLO, AlsGLO-NS-Fw and AlsGLO-T7-p (Supplementary Table 1 ). Gene-specific sense RNA probes were prepared using the following primers: AlsDEFa, AlsDEFa-T7-c and AlsDEFa-NS-Rv; AlsDEFb, AlsDEFb-T7-c and AlsDEFb-NS-Rv; and AlsGLO, AlsGLO-T7-c and AlsGLO-NS-Rv (Supplementary Table 1 ). PCR and RNA probes were hybridized to tissue sections at 60 and 658C, respectively. After hybridization, tissues were washed in 0.2Â SSC for 2 h at the same temperature as for hybridization, blocked and hybridized to anti-DIG-AP (Roche). Chemical staining was performed using NBT/BCIP Stock Solution (Roche) with 10% polyvinylalcohol.
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